The low-frequency generation recombination and the 1/f noise in AlGaN Schottky barrier photodetectors with high ͑40%͒ Al fraction has been investigated under forward and reverse bias conditions. The activation energy of local level contributing to noise was found to be E a Ϸ1 eV. Depending on the forward current level, the noise from Schottky barrier or from the series resistance ͑contacts and/or base͒ predominates. The upper bound of the Hooge parameter in Al 0.4 Ga 0.6 N was estimated as ␣р10.
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The low-frequency noise in GaN-based photodetectors has been studied in several publications. [2] [3] [4] The measurements of the noise properties of reverse biased GaN p -n junction photodetectors, 3 Schottky barrier GaN, 4 and AlGaN photodiodes ͑with Al mole fraction of 25%͒ 2 have been reported. However, the noise properties of the GaN-based Schottky diodes have been studied only under reverse bias. Meanwhile, the noise properties of forward biased Schottky diodes can provide very important information on the location and nature of noise sources. [5] [6] [7] [8] Recently, a true solar-blind lateral geometry Schottky barrier detectors ͑cutoff at 275 nm͒ have been reported. 9 These devices, based on the n-Al 0.4 Ga 0.6 N active layer, demonstrated the peak responsivity in excess of 0.07 A/W at zero bias. In order to achieve such short cut-off wavelength, AlGaN layers with Al mole fraction as high as 40% were n doped using the In/Si codoping approach. 9 In this letter, we present experimental results on the low-frequency noise of forward and reverse biased Al 0.4 Ga 0.6 N-based Schottky barrier photodetectors.
The device epilayer structures were grown on sapphire substrate using low-pressure metalorganic chemical vapor deposition. The 200 Å thick AlN buffer layer deposited at pressure of 76 Torr and growth temperatures of 600°C was followed by the n ϩ -Al 0.4 Ga 0.6 N layer deposited at the same pressure and at the growth temperature of 950°C. Triethylgallium, trimethylaluminum, trimethylindium ͑TMI͒, and ammonia were used as the precursors, and hydrogen was used as the carrier gas. The n ϩ -Al 0.4 Ga 0.6 N layer was codoped using disilane (Si 2 H 4 ) and TMI. As confirmed by secondary ion mass spectroscopy analysis, this codoping procedure introduces a trace amount ͑about 0.5%͒ of In the active layer. From the capacitance-voltage (C -V) measurements, the carrier concentration of this n ϩ -Al 0.4 Ga 0.6 N layer was found to be nϷ2ϫ10 18 cm Ϫ3 . The n ϩ -Al 0.42 Ga 0.58 N layer was capped with a 0.2 m thick n Ϫ -Al 0.4 Ga 0.6 N active layer grown with the disilane flux reduced by a factor of 10. The C -V measurements showed a doping level of N d Ϸ2ϫ10 16 cm Ϫ3 in this layer. Ohmic contacts consisted of Ti͑200 Å͒/Al͑600 Å͒/ Ti͑200 Å͒/Au͑1000 Å͒ were deposited using e-beam evaporation. The deposited contacts were annealed at 850°C for 1 min in flowing N 2 .
The low-frequency noise of the forward biased Schottky diode was measured in the frequency range from 1 Hz to 100 kHz in the temperature interval from 300 to 480 K. The voltage fluctuations S V from the 100 ⍀-20 k⍀ resistor connected in series with the diode were analyzed by a SR770 Network Analyzer. The probe station with the tungsten probes of 10 m diameter and controlled pressure on the probes provided contacts to the sample pads.
The inset in Fig. 1 shows the forward current-voltage characteristic of the Schottky photodiode. At low current densities JϽ(10 Ϫ4 -10 Ϫ3 ) A/cm 2 , the current exponentially increases with the bias ͑the ideality factor is nϭ3.5͒. At high current densities JϾ10 Ϫ3 A/cm 2 , the current-voltage characteristic deviates from the exponential dependence, and at JϾ1 A/cm 2 becomes linear. The noise spectra had the form of the 1/f ␥ noise. Depending on bias and temperature, we found ␥ϭ0.95-1.2. In Fig. 1 , open symbols show the spectral noise density S I of forward current fluctuations as a function of current at frequency f ϭ1 Hz for two different samples. In the current range from 10 Ϫ7 to 10 Ϫ4 A, S I ϳI ␤ , where ␤ϭ1.5. This dependence is in agreement with numerous experiments on noise in Si photodiodes, where the exponent ␤ was found to lie within the range 1Ͻ␤Ͻ2 ͑see Refs. 6 and 8͒. For currents IϾ10 Ϫ3 A, one can see the tendency to a higher value of the current exponent ͑␤ϭ2-2.5͒. APPLIED PHYSICS LETTERS VOLUME 79, NUMBER 6 6 AUGUST 2001 In order to analyze the dependence of noise on forward current, we consider that the equivalent circuit consisted of the differential Schottky barrier resistance R 1 and the linear resistance of the base and contacts R 2 . Assuming that the contribution of the noise from series resistance and from the Schottky barrier itself are not correlated, the spectral noise density of the short circuit current fluctuations can be expressed as
where S R1 /R 1 2 is the relative spectral noise density of Schottky barrier resistance fluctuations, and S R2 /R 2 2 is the relative spectral noise density of the resistance R 2 fluctuations, which does not depend on current. At low current densities, when S I ϳI 1.5 ͑see Fig. 1͒ and (R 1 ӷR 2 ), one might assume that the noise is determined by the Schottky barrier alone. In this case, from Eq. ͑1͒ we obtain S R1 /R 1 2 ϭB/I 0.5 , where B is a fitting parameter.
Solid line 1 in Fig. 1 is calculated using Eq. ͑1͒. Resistance R 1 , which depends on the current as R 1 ϳ1/I was extracted from the exponential part of the current-voltage characteristic at low current ͑see inset in Fig. 1͒ . Resistance R 2 Ϸ900 ⍀ was found from the linear part of current voltage characteristic at high currents. The value of S R2 /R 2 2 was found from the experimental dependence at high currents. It is seen that this approach allowed us to describe experimental dependence quite well. Figure 1 shows that the noise from the series resistance dominates the noise from the Schottky barrier for J Ͼ(10 Ϫ1 -1) A/cm 2 . On the other hand, current-voltage characteristic deviates from the exponential dependence at significantly lower current density JϾ(10 Ϫ3 -10 Ϫ2 ) A/cm 2 ͑see the inset in Fig. 1͒ . Therefore, at current densities from 10 Ϫ3 to 10 Ϫ1 A/cm 2 , the noise from the Schottky barrier is much larger than the noise from the series resistance R 2 even though R 2 ϾR 1 .
At high current densities JϾ1 A/cm 2 , when the noise from the AlGaN base and/or contacts is dominant, the upper bound of the Hooge parameter ␣ϭ(S I /I 2 )N f ͑N is the total number of electrons in AlGaN͒ can be estimated. Taking the electron concentration in the AlGaN layer to be nϭ2 ϫ10 16 cm 3 , we found ␣р10. Similar values of ␣ϭ1-150 were observed in p-type GaN films doped with Mg. 10 This value of ␣ is much larger than the typical values of ␣ for Si, GaAs, and SiC. 11, 12 For n-type GaN, the level of the 1/f noise is characterized by the Hooge parameter ␣ within the range from ␣Ϸ3
13 to ␣Ϸ10 Ϫ3 . 14 The very high values of ␣ found for Al 0.4 Ga 0.6 N might reflect a low structural perfection of AlGaN compound with a high Al composition.
As we mentioned above, the noise spectra had the form of 1/f ␥ noise. The dependence of the exponent ␥ on temperature might reflect a weak contribution of the generationrecombination (g -r) noise.
When the amplitude of the g -r noise does not appreciably exceed the 1/f noise level, the contribution of the g -r noise can be revealed by plotting the spectral noise density versus temperature T at series of frequencies f . Figure 2 shows the temperature dependencies of noise S I for different frequencies for the current density, J ϭ10 Ϫ3 A/cm 2 . In the investigated frequency range, S I versus T dependencies exhibited two weak maxima. The temperature of every maximum T max , increases with a frequency increase ͑Fig. 2͒. Such S I (T) dependencies are typical for the noise from local levels ͑see, for example, Refs. 15 and 17͒. Since the measurements were performed at a small current density corresponding to the noise related to the Schottky barrier, we can conclude that the space charge region is the most probable location of the levels responsible for the g -r noise.
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The maxima on S I dependencies are relatively broad. However, for the low-temperature maximum in Fig. 2 , an estimate of the activation energy E a of the local level contributing to noise is still possible. The dependency of 1/kT max versus ln f ͑the Arrhenius plots͒ yields the characteristic activation energy E a Ϸ1 eV for the low-temperature maximum in Fig. 1 . This value of the activation energy is close to those found in AlGaN/GaN heterostructure field effect transistors. 18, 19 The noise at reverse bias was also the 1/f noise. The filled squares in Fig. 1 show the measured current dependence of spectral noise density of reverse current fluctuations at f ϭ1 Hz. As seen in Fig. 1 , the spectral noise density of reverse current fluctuations increases with the current increase as S I ϳI 1.5 . One of the most important detector characteristics is the noise equivalent power ͑NEP͒, which depends on the equivalent current I eq ϭI B ϩI D ϩI N , where I B is the background radiation current, I D is the diode dark current, I N ϭ2kT/qR eq is the thermal equivalent current, R eq ϭ(R L Ϫ1 ϩR j Ϫ1 ) Ϫ1 is the equivalent circuit resistance, R L is the external load resistance, R j is the junction resistance. 20 Our C -V measurements showed that the depletion region for the devices extends throughout the n Ϫ -Al 0.4 Ga 0.6 N active layer at zero bias. Therefore, zero bias condition should be optimal for the photodetector operation. At zero bias, we can neglect the contribution from the current I D . The background radiation current is very small compared to the thermal equivalent current I N for all practical values of R L . Under such conditions, the equation for NEP becomes
where ϭ0.07 A/W is the measured responsivity. 9 Using the data shown in Fig. 1 , we can crudely estimate the corner frequency f c (Hz)ϭ0.02R eq (⍀)(I(A)/10 Ϫ9 ) 1.5 such that the 1/f noise is the dominant when f Ͻ f c , while at higher frequencies the thermal noise dominates. This crude estimate shows that for high speed detector circuitry with a typical load resistance on the order of R L ϷR eq ϭ50 ⍀, the thermal noise is dominant at all frequencies of practical interest ͑for R eq ϭ50 ⍀ and Iϭ10 Ϫ9 A, f c Ϸ1 Hz͒ and, therefore the studies of the 1/f noise are important primarily for the investigation of the physical mechanisms of the diode operation. This analysis also shows that a high value of the Hooge parameter ␣, determined above, does not present an obstacle for practical applications of these solar blind photodetectors.
In summary, we have studied low-frequency noise in Schottky barrier Al 0.4 Ga 0.6 N diodes. At forward bias, the low-frequency noise is a superposition of the 1/f and g -r noise. The spectral noise density of current fluctuation increases as S I ϳI 1.5 at low currents and as S I ϳI 2 -2.5 at high currents. The measured dependencies of noise on forward current show that the noise is a superposition of the noise from Schottky barrier and from the series resistance of the contacts and/or the base. At high current densities, when the noise from the base or contacts is dominant the upper bound of the Hooge parameter in AlGaN was estimated as ␣р10. However, this high value of ␣ does not present an obstacle for practical applications of these photodetectors, since their detectivity is primarily limited by the thermal noise of the load resistance. 
